Abstract Understanding mechanotransduction pathways leading to thrombosis will require progressive steps, including determination of the mechanical behavior of the platelet membrane in response to applied loads. The platelet membrane deformation capacity, as quantified by membrane progression into a borosilicate glass micropipette of defined internal diameter, was probed in murine platelets using a controlled range of negative pressure (0-7 cm H 2 O). Based on our observations that the platelet portion outside the micropipette was mostly spherical and that the platelet volume did not change upon aspiration, a novel continuum mechanics-based model of the platelet micropipette aspiration experiment was created, and a new hyperelastic isotropic material model including membrane residual tension was proposed for the platelet membrane. Murine platelet membranes maintained an average linear deformation behavior:
Introduction
An individual's quality of life hinges on a complex systemic balance that can easily shift to a state of illness or disease. Notably, circulatory system imbalance causing thrombosis presents a real risk in modern society, contributing significantly to morbidity and mortality rates and leading to 50% of the annual non-accidental deaths in the United States (Kroll et al. 1996) . Thrombosis is a salient factor in peripheral, coronary, cerebrovascular and nonspecific vascular afflictions induced by hemostatic imbalance or exogenous devices. At the periphery, deep venous thrombosis, DVT, can potentially induce venous gangrene and/or pulmonary embolism (Goldhaber 2000) at an annual incidence of 1.6-1.8 per 1,000 people and is most commonly asymptomatic in nature (∼ 96%) (Kassaï et al. 2004) . In contrast, thrombosis in cardiovascular disease (i.e. valve malfunction) and exog-enous prosthetics (i.e. mechanical heart valves, stents) is predominantly symptomatic, potentially resulting in stroke, myocardial infarction and cardiac death (Becker 2002) . Clearly, the development of each pathophysiological condition is unique in terms of mechanism and systemic location but perhaps share a common microenvironment that encourages these thrombotic events. Of interest to the current work, one must therefore consider the role of mechanical stimuli in the differential regulation of thrombosis, where abnormal blood flow conditions like stagnation or exposure to high shear stress are induced by arterial stenosis or mechanical heart valves (MHVs) (Anand et al. 2004; Bluestein et al. 1999 Bluestein et al. , 2004 .
On a fundamental level of investigation, by modeling platelet membrane responses to an applied pressure, one might begin to understand and predict platelet mechanical behavior in circulation and in prosthetic devices. Toward this end, the functional and structural homology of inactive human and murine platelet models is exploited to test the deformability of these thrombogenic discoid blood components (Schmitt et al. 2001 ) using micropipette aspiration. Then, adapting the biomembrane constitutive modeling efforts of Humphrey et al. (1992) ; Skalak et al. (1973) and Evans (1973) , a novel mathematical model is required to accurately describe platelet shape transformation and membrane material behavior (i.e. tension, stretch) during deformation. Compatible with this behavior, equations that describe the experimentally observed stress-strain relationship for the platelet membrane are derived from a novel strain energy function, and material and model constants that reliably predict the deformation state. Ultimately, the relevance of data collected at all levels of analysis will be considered in the context of improving basic knowledge of thrombosis and clinical practice.
Methods

Sample collection overview
Mice used for blood collection were Pg f +/+ or Pg f −/− of both genders and range in size from 28 to 30 g. Blood was collected from isoflurane-anaesthetized mice by cardiac puncture using a 1-cc syringe with a 25-gauge needle. With a clean draw, an average volume collected from each mouse ranged between 0.7 and 1.0 ml, which was immediately pooled (3-5 mice) and combined with an anticoagulant known to minimize the incidence of platelet activation. Specifically, a 3.2% buffered sodium citrate solution containing sodium citrate, theophylline, adenosine and dipyridamole in a ratio of 5 parts blood to 1 part anticoagulant within a CTAD vacutainer was used (Becton, Dickinson and Company, Oakville, ON).
Washed platelet preparation
Following blood collection, the CTAD blood sample settled for 15 min, whereupon platelet-rich plasma was isolated from the whole blood by centrifugation (model GS-15R, Beckman Coulter, Mississauga, ON) at 3,716 rpm (2,300g) (10s/ml) at room temperature (∼ 22 • C) (Gibbins and Mahaut-Smith 2004) . At the same time, a 15-ml polypropylene conical centrifuge tube was coated with HEPES-modified Ca 2+ -free Tyrodes buffer, pH 7.3 (138 mM NaCl, 2.7 mM KCl, 2 mM MgCl . 6H 2 O, 12 mM NaHCO 3 , 0.4 mM Na 2 HPO 4 , 1% bovine serum albumin, 10 mM HEPES, 5.5 mM dextrose), which was kindly donated by Dr. Giulivi, Ottawa General Hospital. Samples of platelet-rich plasma (PRP) were then transferred and mixed with an equal volume of 3.8% sodium citrate anticoagulant, pH 8.0 (RICCA chemical company, Arlington, TX) and centrifuged at 3,634 rpm (2,200g) for 4 min to pellets (Watson and Authi 1996; Gibbins and Mahaut-Smith 2004) . Supernatant was discarded and the platelet-rich pellet was recombined with approximately 0.7 ml of filtered HEPES-modified Ca 2+ -free Tyrodes buffer without disturbing the pellet. The buffer was aspirated immediately and discarded. An additional 1.4 ml of buffer was then added to gently resuspend the pellet without introducing air bubbles. Theophylline (3 mM) and adenosine (5 mM) (Acros Organics, Fair Lawn, NJ) were also incubated with the suspending buffer to impede potential platelet activation. Washed platelets were immediately implemented in micropipette aspiration experiments performed within 3 h of blood collection at room temperature (Gibbins and Mahaut-Smith 2004) .
Micropipette aspiration and imaging procedure
Using a horizontal micropipette puller (model P-80, Sutter Instrument Co., Novato, CA), the tips of borosilicate glass micropipettes (1.5 mm OD, World Precision Instruments Inc., Sarasota, FL) were manipulated to maintain a short taper (∼4-6 mm) and an internal diameter ranging between ∼0.6 and 1.4 µm. Immersed micropipettes were filled with buffered solution through the coordinated efforts of negative pressure and backfilling using a thin wire guide (MicroFil 28 g, World Precision Instruments Inc., Sarasota, FL) coupled with a filter unit (MILLIPORE, Bedford, MA). In the absence of air bubbles, filled pipettes were fixed to a micromanipulator (model MP-285, Sutter Instrument Co., Novato, CA). Coupled to the micropipette using buffer-filled plastic tubing, applied pressure was controlled and monitored using a screw-driven syringe and a water manometer.
Approximately 0.7 ml of washed platelets was placed on a 12-mm siliconized glass cover slip and observed with an upright microscope (Axioskop FS, Carl Zeiss Inc., Toronto, ON) with phase-contrast optics. Deformed platelets were observed through a Zeiss 100× water dipping objective lens (AchroPlan 100×/1.0 W Ph3, Toronto, ON) and a 10× eyepiece. The cellular image was transmitted to a video camera (model XCD-X700, SONY, Toronto, ON) and recorded the image in the Northern Eclipse Imaging program (Version 7.0). The microscope and micromanipulator were supported on a hydraulic anti-vibration table (Technical Manufacturing Corporation, Peabody, MA) .
Under direct observation, the immersed pipette tip approached the surface of a discoid platelet, whereupon a negative pressure of 1 cm H 2 O (1 cm H 2 O = 98.067 Pa) was applied to ensure contact. Once in contact, successive increases in negative pressure of 1 cm H 2 O were applied until a maximum pressure of 7 cm H 2 O was reached. The platelet was allowed to equilibrate for about 2-3 s after each increase in the suction level. To visualize the effects of micropipette aspiration on the murine platelet, Fig. 1 depicts the typical membrane response to a controlled gradient of negative pressure. Any adherence of the platelet to the micropipette was assumed negligible, and only those platelets that passively detached from the pipette after suction were used. Additionally, evidence of platelet lysis, as quantified by membrane rupture at a specific aspiration pressure p i , was also recorded. The calibrated aspiration lengths L p of platelets at each successive pressure were recorded once the aspirated projection reached equilibrium. In addition, the micropipette tip radius R p and the major and minor radii of the unaspirated platelet portion were recorded. Dimensions were expressed in micrometers.
Mathematical model
Geometric assumptions
As mentioned, morphological studies characterizing an inactive, undeformed platelet have identified a discoid shape in circulation (Evans 1973 ) with a geometry comparable to an oblate spheroid. An oblate spheroid is an ellipsoid that is rotationally symmetric about a polar axis (z-axis) with a shorter polar radius S s than the radius of the equatorial circle R s whose plane bisects this axis. The volume of an oblate spheroid is a function of the polar and equatorial radii,
The platelet surface geometry in both the undeformed and deformed states can be treated as a thin axisymmetric shell, as the membrane thickness (∼30 nm) is significantly less than the minimum principal radius of curvature of the shell surface (Haga et al. 1998) . Along the normal direction, the principal shell radii are described by r θ and r n (Evans 1973) . During micropipette aspiration (Figs. 1, 2) , the platelet geometry is described in terms of the unaspirated, spherical shell (zone 1), the aspirated cylindrical shell (zone 2) and the 
The angle φ defines the angle between the surface normal and the axis of rotation (z-axis). As outlined, the present development assumes that the unaspirated portion of a platelet maintains a spherical geometry, where the sphere radius r s and the principal curvatures r θ and r n are presumed equal (i.e. in zone 1, r θ = r n = r s ). Further, the constraints of the glass micropipette with uniform internal radius R p are assumed to limit membrane behavior (i.e. in zone 2, r θ = R p , r n = ∞; in zone 3, r θ = r n = R p ). Finally, the theoretical development for the platelet membrane is reduced to two dimensions by assuming the platelet volume is conserved (i.e. V = V o ) during deformation.
Equilibrium equations for a platelet using micropipette aspiration
The mathematical model for the platelet membrane employs the equations of mechanical equilibrium for a thin axisymmetric shell, where only loading that primarily produces membrane forces is considered. Based on conclusions made by Fung and Tong (1968) using erythrocytes, the dominant stresses in a thin shell are primarily membrane stresses, with negligible bending stress contributions. For erythrocytes and platelets alike, the thickness of the membrane is such that there is not an appreciable distance between the extracellular and intracellular membrane surface: a morphological property that impedes significant bending stresses. Fung and Tong (1968) also concluded that for thin shells, which are defined in cylindrical coordinates, shear stresses T sθ and T θs are considered equal and negligible when symmetrically loading a surface of revolution. To justify this assumption, one must consider the remaining principal stresses (circumferential and longitudinal stress) in the membrane, which are constant over the axisymmetric shell geometry. Along these orthogonal planes, then, the shear stress is zero (Benham et al. 1996) . Once static equilibrium is reached following micropipette aspiration under a negative pressure, the resultant internal forces are defined as circumferential tension T θ and the meridional tension T s . The equilibrium equations can be expressed as follows (Fung and Tong 1968) ,
Expressions for T s and T θ vary across the deformed platelet and are dependent on zone geometry as well as the variable contributions of atmospheric pressure p o , uniform intracellular pressure p and aspiration pressure p i (Fig. 2) . Specifically, in zone 1:
and similarly, in zone 3:
In zone 2 confined by the glass micropipette, the sole contribution to distension pressure is the intracellular pressure p. Intracellular pressure can be identified by assuming that the membrane behaves homogeneously across the three zones, such that T
Finally, the circumferential tension in zone 2, T
θ = p R p , is assumed by the pipette material and, therefore, plays no role in the characterization of the platelet membrane material properties.
Material model
Complementing the theoretical developments of both erythrocyte membrane models defined by Evans (1973) and Skalak et al. (1973) , the current constitutive model for the platelet membrane postulates a strain energy function, W , implementing an invariant (I 2 ) defined by Skalak et al. (1973) . Unlike the developments by Evans (1973) and Skalak et al. (1973) , however, the preservation of areal strain is not a prerequisite, as membrane incompressibility is not directly considered for the platelet membrane. A novel isotropic logarithmic strain energy function was developed for the platelet membrane as follows,
where c 1 and c 2 are material constants, and λ s and λ θ are the meridional and circumferential stretch ratios, respectively. Note that in the undeformed geometry, λ s = λ θ = 1, so that W = 0 as expected. The strain energy function is classically used to derive the stress-strain relationship for hyperelastic materials (Humphrey et al. 1992) . Herein,
Equation (8) reveals that the choice of W = W (I 2 ) automatically accounts for the spherical portion (i.e. T s = T θ ) of the deformed platelet. Inspection of Eq. (8) also shows that λ s = λ θ = 1 leads to T s = T θ = c 1 c 2 , which is not the expected zero tension. Thus, to allow the whole platelet model to possibly find an unloaded equilibrium without tension, an additional model constant c 3 (equivalent to a membrane tension) was introduced in Eq. (8) to yield
Model constant c 3 will be determined at the same time as material constants c 1 and c 2 as detailed in the following section. Obviously, in the undeformed state where λ s = λ θ = 1, the membrane tension reduces to
Existence of prestress in the undeformed platelet membrane will be indicated if T o = 0. Numerous investigations mapping the stress characteristics of cell membranes have revealed an inherent load-free tension, with quantified cases of isometric tension sustained by the supporting cytoskeletal components of the cell (Alenghat et al. 2004 ). Significant to current definitions of platelet geometry in the undeformed and deformed shapes, prestress is also recognized to be a critical determinant of cell shape stability, as diminished intracellular tension increases cell flexibility (Alenghat et al. 2004) . Evidently, by incorporating prestress in the mathematical description of membrane tension, one can improve the overall accuracy of the constitutive model in predicting membrane mechanical responses.
Equations to solve
Beginning with geometry and size definitions, the initial murine platelet volume and dimensions were calculated using experimental measurements of inactive platelets collected in the current study. To maintain platelet volume during the shape transformation, experimentally observed L p and R p values were implemented to identify the radius r s of the deformed spherical protrusion (zone 1), such that the undeformed platelet volume expressed in Eq. (1) be equal to the current deformed platelet volume defined as
The r s value was then used to calculate the internal pressure p in the platelet according to Eq. (6b). By combining Eqs.
(4-6) with Eq. (9), the equilibrium equations for zones 1-3 can be written as:
Subsequent zone-dependent evaluations of membrane equilibrium differ in complexity and are contingent on how the stretch ratios λ s and λ θ are identified (Appendix A). In fine, membrane equilibrium following aspiration in zones 1 and 3 is described by fully implicit differential equations of the form f , φ, dφ d = 0. As both zones conform to a spherical geometry and represent opposite poles of the deformed macrostructure, specific boundary conditions can be enforced. Namely, at each pole, where = φ, the magnitude of membrane extension is assumed identical in both the radial and circumferential directions (i.e. λ s = λ θ ). This makes it possible to then numerically solve for the unknown variables dφ d π and dφ d 0 at the poles (Appendix B). In turn, these values serve as initial values for the zone-dependent, numerical solution of f , φ, dφ d = 0. Deciphering the membrane stresses in zone 2, on the other hand, cannot be simplified by imposing boundary conditions. Notably, the membrane of this aspirated platelet fraction maintain a cylindrical shape whose extension is governed by the pipette radius R p and the length along the axis of symmetry z (Appendix A (Fig. 2) 
To minimize the residual ε in Eq. (13), material and model constants c 1 , c 2 , c 3 can be iteratively adjusted and ultimately defined using the Levenberg-Marquardt optimization method.
Results
In response to micropipette aspiration, the average deformation behavior for inactive murine platelet membranes exhibited a linear increase in extension length over a pressure range of 0-7 cmH 2 O (Fig. 3) . More specifically, the experimental data could be linearly interpolated such that L p /R p = 146,100 p i × R p + 19.923 (n = 11, R 2 = 0.85), where L p is the platelet length aspirated in the micropipette (m), R p is the micropipette radius (m), and p i is the aspiration pressure (Pa). The average undeformed volume of murine platelets was found to be V o = 3.09 ± 1.08 × 10 −17 m 3 and the average pipette radius in the experiments was R p = 0.345 ± 0.031 × 10 −6 m. Prior to the identification of membrane material constants, it was necessary to validate certain model constraints pertaining to the conservation of platelet volume during micropipette aspiration. To clarify, two independent conditions with either constant platelet volume or constant membrane area were considered and tested for their feasibility predicting the platelet deformation behavior. Using MatLab (The MathWorks, Natick, MA), and interpolated experimental data describing murine platelet deformation behavior, each condition was enforced (McGrath 2009). Imposing a constant volume constraint, the resultant surface area A over the specified deformation range was determined and compared to that of the undeformed state A o to evaluate the global areal strain A/A o . Results of this evaluation demonstrated that the platelet responded to micropipette aspiration with an increase in surface area of about 15% under typical aspiration pressures. By contrast, assuming a constant membrane surface area yielded about 30% decrease in the deformed platelet volume under the same pressure conditions, suggesting cell shrinking. Since cellular shrinking was not observed (Fig. 1) , only those experiments on murine platelets that exhibited a linear deformation behavior at constant volume were processed (Fig. 3) . In turn, the average deformation response of a murine platelet was analyzed using the proposed mathematical model and successfully generated a set of membrane material and model constants ( Table 1 ). The membrane prestress associated with the constants in Table 1 was found to be T o = 9.37 × 10 −6 N/m for murine platelets.
As is potentially relevant for clinical applications, there exists a definite advantage in defining the material properties of the human platelet membrane. The response of human platelets under micropipette aspiration was described in (Haga et al. 1998) by L p /R p = 10,406 p i × R p + 0.9703 (n = 17, R 2 = 0.97), with R p = 0.40 × 10 −6 m. In this reference, the reported human platelet dimensions correspond to a platelet volume between 1.05 × 10 −18 m 3 and 3.30 ×10 −18 m 3 , which is much lower than the expected values of 8-9 fl indicated elsewhere (Schmitt et al. 2001 ). Therefore, for illustrative purposes, only the information about the variation of aspiration length as a function of pressure and pipette radius was used, and the average undeformed volume of human platelet was set to V o = 7.3 × 10 −18 m 3 with Murine platelets (n = 11 platelets, R p = 0.345µm) S s /R s = 0.32 (White and Clawson 1980) to generate a set of material and model constants for the human platelet membrane (Table 1) . The membrane prestress associated with the constants in Table 1 was found to be T o = 5.21 × 10 −4 N/m for human platelets.
To verify the accuracy of the material and model constants in generating predictions of platelet membrane deformation, the proposed mathematical model was used in reverse, and the average theoretical deformation behavior was compared to the experimental alternative for both platelet species (Table 2 ). The integrity of the mathematical model, defined by its ability to generate constants and describe deformation behavior for nonspecific platelet species of different volumes (Figs. 4, 5a) , appears sound. Notably, the unaspirated platelet portion decreased slightly with increasing aspiration pressure, as the platelet occupied a larger volume inside the micropipette (Figs. 4, 5a) . As depicted, the mouse platelet has increased deformation capacity when compared to the human platelet. The effect of the micropipette on the meridional and longitudinal stretch ratios can be appreciated from Figs. 4, 5b. It is most notable at the tip, where the membrane meridional and circumferential deformations experience a large jump Fig. 4 going into the micropipette. The meridional stretch ratio is much larger than the circumferential one, except at the poles, where both stretch ratios reach equality, and a value close to 1. The circumferential stretch ratio profile along the deformed platelet was only slightly affected by increasing aspiration pressure. By contrast, the maximum value of the circumferential stretch kept increasing with increasing aspiration pressure. Membrane tension was found to increase linearly with respect to aspiration pressure and was constant over the entire platelet contour (Figs. 4, 5c) . Deformability of the murine platelet membrane is also apparent in terms of resultant tension, as the membrane accommodates aspiration at comparably lower tension magnitudes to that of the human platelet (Figs. 4, 5c) .
Finally, the current work sought to investigate the platelet membrane strength by identifying those murine platelet aspiration events where the membrane ruptured. Although evidence of this effect was limited, preliminary results related an applied aspiration pressure of 8 cm H 2 O to a tension of 1.68× 10 −4 N/m when membrane integrity was compromised. On a limited basis, Haga et al. (1998) also observed separation of the aspirated portion of the platelet from the external platelet fraction with aspiration pressures exceeding 6 cm H 2 O. Assuming an applied negative pressure of 7 cm H 2 O, a hypothetical strength of 2.09 × 10 −4 N/m for the human platelet membrane was defined.
Discussion
Experimental findings
To date, micropipette aspiration platelet studies are limited to those deformability responses to activation agonists (Burris et al. 1986 ), or in the absence of cytoskeletal structural components (White et al. 1984) . As such, it was necessary to confirm the overall deformation characteristics of a functional discoid platelet. In terms of whole cell aspiration responses, preliminary evidence of platelet lysis was observed, while the unaspirated platelet fraction proved to maintain a spherical shape. As quantified by murine shape change from a discoid to spherical conformation, mechanically induced platelet activation using this technique was not observed. This lack of mechanotransduction could potentially be impeded by the various sample-processing steps, which implemented a number of activation and aggregation antagonists to impede coagulation and increased deformability (Burris et al. 1986 ) during sample processing and manipulation.
Interestingly, the static deformation data outlined in Fig. 3 reveal membrane behavioral similarities between platelet species, as it was qualitatively similar to results obtained in studies by Haga et al. (1998) ; Burris et al. (1986) and White et al. (1984) that used human platelet models. As with human platelets, the linear deformation behavior was observed to be independent of the local site of aspiration, thereby supporting a simplistic (isotropic) material behavior assumption.
Overall, 27 different inactive platelets from several dozens of mice were tested, all of which presented volumes on the order of 30 fl. Of note is the fact that the platelets maintained a discoid shape and therefore were not swollen. Yet, the average measured volume is about ten times the murine platelet volume reported in another study (Schmitt et al. 2001) . The difference might come from the mice being of different types and from the small number of mice (6) tested by Schmitt et al. The much larger size exhibited by the murine platelets may help explain why they were more deformable than their human counterparts.
Mathematical model implementation
By presenting the consistencies of membrane deformation behavior between platelet species, a single mathematical model generated two independent sets of material and model constants that satisfied the main objective of this work. To render these constant sets (Table 1) , species-specific deformation data were used. Although both sets support positive tension in the membrane (Figs. 4, 5c) , the smaller tension and prestress magnitudes in the murine alternative appear to support a behavioral discrepancy in membrane deformability, potentially indicating a lower murine membrane stiffness relative to the human alternative. Remarkably, the model establishes equal meridional and circumferential membrane tensions that were found to be constant throughout the platelet. This verifies the assumption that shear stresses T sθ and T θs are negligible. In terms of predictive capabilities, the material and model constants proved effective in generating theoretical simulations of the average deformation behavior under aspiration (Table 2) . From the definition in Eq. (7), it is readily seen that the strain energy function is a convex function of the stretch ratios λ s and λ θ as long as c 1 > 0 and 1 − c 2 λ 2 s λ 2 θ − 1 > 0. These conditions are verified for both the murine and human platelet models, ensuring that the Levenberg-Marquardt method used to optimize the constants reaches global convergence. In addition, widely different initial guesses produced nearly identical optimized constants, which suggests that they may be unique, within a small numerical error.
Similar to the murine case, conservation of the human platelet surface area led to results that did not match experimental evidence. Conservation of human platelet volume, on the other hand, was found to be experimentally justified (Hochmuth 2000) . For this reason, the present model is very different from previous models wherein the cell volume increases, while its surface area is assumed constant (Evans 1973; Skalak et al. 1973; Mills et al. 2004 ). These models were originally motivated by studies of the osmotic swelling of red blood cells, which may lead to cell bursting by massive intake of fluids through the cellular membrane. This condition is dramatically different from the micropipette aspiration of platelets. It is also important to note that shape of the undeformed red blood cell (biconcave discoid) is unlike that of the undeformed platelet, hence altogether dissimilar expressions for the meridional and circumferential stretch ratios between red blood cells and platelets.
Tensile prestress and membrane strength
A tensile membrane prestress T o was found as a result of the optimized material and model constants. It is generally accepted that cellular prestress is generated by the complex actin network in the cytoskeletal components on the one hand, and by surface tension on the other hand. Interestingly, the resultant positive membrane prestress suggests that the resting platelet membrane is under tension. Applied to the platelet structure, evidence suggests that cellular stability is ultimately maintained by the aforementioned tensile actin microfilaments, while microtubules coiled along the platelet circumference acts as compression elements (Wang et al. 2001) . Microtubules also influence shape stability and deformability (White et al. 1984) and may prevent the prestressed membrane from a natural tendency to separate from its intracellular components.
In terms of general model implications, then, the incorporation of a membrane prestress infers the contributions of these cytoskeletal components and surface tension but fails to directly model the mechanical behavior of the complex protein network. The current model, indeed, is committed to a continuum mechanics approach that characterizes the global mechanical properties of the platelet membrane but indirectly acknowledges a heterogeneous cell structure maintained by the underlying cytoskeleton.
An assessment of membrane strength demonstrated a relative consistency between human and murine platelets, which would support functional homology between species. However, it is important to note that additional data from micropipette aspiration of human platelets are needed to resolve incompatibility issues between data from different sources. This, in turn, will likely resolve the apparent contradiction in the fact that, in human platelets, the estimated strength was found to be lower than the membrane prestress value.
Clinical relevance
Despite the large body of platelet research available, daily issues of thrombosis in clinical settings are a testament to what is still unknown. Manufacturers strive to improve the design of MHV and minimize thromboembolic events in patients, but the recurrence of such problems points to holes in our core understanding of the phenomenon. With the advent of refined techniques for probing the mechanical behavior of the platelet membrane, one may hope in future investigations to construct a more accurate representation of the local forces necessary to indirectly activate platelets (via cell lysis) by mechanical stress. In doing so, one could address MHV design prior to in vivo testing, monitoring the impact of such catalytic forces on single platelets during valve-induced blood flow simulations (Mody and King 2008) .
Essentially, the current work contributes to this clinically relevant pursuit by establishing a validated constitutive model that predicts platelet membrane responses to an applied force. In terms of loading limits, the model can also probe the strength of the platelet membrane, defining the behavioral profile that fails to preserve the structural and functional integrity of a single platelet.
Limitations to the current work
Although the implementation of deformation data sets from two platelet species proved advantageous in their capacity to validate the model, a more representative mechanical description of the human platelet membrane is required. Specifically, the model lacks a robust set of deformation data with qualitative descriptions (i.e. signs of activation, platelet lysis) for average human platelet volumes, which would significantly improve the predictive power of the model. The model development also presumed consistencies in the general mechanical behavior between species, imposing a hyperelastic material concept. As such, the current work implemented aspiration data of human platelets that mainly concentrated on the magnitude of platelet deformation to imposed pressure, without considerations to the time history of platelet tongue deformation. Viscoelastic behavior has been evidenced in human platelets (Haga et al. 1998) but, for simplicity, was not incorporated into the present model. As well, the model was not used to quantify changes in platelets' mechanical properties according to previously described variations in their chemical environments (White et al. 1984) .
Conclusions
To date, efforts to characterize the mechanical behavior of such intrinsically sensitive and thrombogenic blood components are sparse, thereby motivating this research toward a novel and valuable product. In reviewing literature, the role of mechanical stimuli in hemostasis and pathological thrombosis is such that one must develop a multidisciplinary concept of blood coagulation to establish a comprehensive description of clotting agonists. Addressing these limitations, micropipette aspiration is a technique that offers a real-time and visually simple perspective of membrane deformation that proves highly useful in its capacity to probe membrane behavior.
To the advantage of mathematical model validation, quantitative information extracted from aspiration data sets proves invaluable to theoretical development. In an integrated effort to accurately describe the average membrane responses to mechanical manipulation, the current work developed a constitutive equation with applicability to both platelet species. Ultimately, by generating an optimized set of membrane material constants the model maintained precision in simulating micropipette aspiration and accurately predicted membrane mechanical responses to this deformation mechanism. Although lacking evidence of mechanotransduction in murine platelet manipulations, the occurrence of platelet lysis established future opportunities to define membrane strength. In this regard, it would be most interesting to acquire complementary data from other methods of investigation (e.g. optical tweezer, embedded particle tracking, atomic force microscopy) (Van Vliet et al. 2003) . Clearly, much work remains not only on the mechanistic and biochemical levels but also on the integration of all the pieces of information, before a comprehensive picture can be drawn. Ultimately, cumulative information regarding platelet activation and lysis, deformation and material properties amounts to a more thorough understanding of platelets' contributions to physiological thrombosis. Better ways to prevent or reduce thrombosis should be natural dividends from this collective effort.
Zone 1: Sphere of radius r s Parameters: r =r s sin φ; z = r s (1 + cos φ); φ s ≤ φ ≤ π .
The angle φ defines the angle between the surface normal and the axis of rotation (z-axis). At the bottom pole, φ = π . At the transition between zones 1 and 2, φ s = arcsin R p r s . The elemental length ds along a meridian is ds = r s dφ. Therefore, the stretch ratio in the meridian direction is λ s = ds dS = 
